INTRODUCTION Oak Ridge N a t i o n a l L a b o r a t o r y (ORNL) conducted a Winter Study of
Power P l a n t E f f e c t s (WISPE) a s a p a r t of t h e M e t e o r o l o g i c a l E f f e c t s oE
Thermal Energy Releases (XETER) program sponsored by t h e Department of Energy d u r i n g t h e f i r s t t h r e e weeks of December 1979. This s t u d y was a j o i n t f i e l d experiment w i t h t h e P e n n s y l v a n i a S t a t e U n i v e r s i t y (PSU) and
Battelle Northwest L a b o r a t o r i e s (BNL) around t h e Bowen E l e c t r i c Generati n g P l a n t ( P l a n t Rowen) i n n o r t h w e s t e r n Georgia (Chen and P a t r i n o s , 1979).
The g o a l of WISPE was t o iinyrove t h e u n d e r s t a n d i n g of t h e e f f e c t s of smokestack plumes on l o c a l p r e c i p i t a t i o n c h e m i s t r y .
In t h e j o i n t e x p e r i m e n t , PSU used a n i n s t r u m e n t e d a i r p l a n e t o measure smokestack plume's s u l € u r d i o x i d e c o n c e n t r a t i o n , sul€tir a e r o s o l c h a r a c t e r -
i s t i c s , and v a r € o u s m e t e o r o l o g i c a l parameters; BNL provided t h e needed wind p r o f i l e s w i t h p i l o t b a l l o o n s a n d a t e t h e r s o n d e r ; O W L f o c u s e d on sampling e v e n t d a t a f o r plume washout s t u d i e s by a network of a u t o m a t i c r a i n f a l l -a c t i v a t e d H e a l t h and S a f e t y L a b o r a t o r y (HASL) c o l l e c t o r s .
A number of p a p e r s (Hzgstrom, 1974; Hutcheson and H a l l , 1974; Dana e t a l . , 1975; L i and Landsberg, 1975; Wiebe and Whelpdale, 1977; Marsh, 1978;  Lindberg e t a l . , 1979) p o i n t e d o u t t h e importance of s u l f a t e plume washout from l o c a l e m i s s i o n s . The a n a l y s i s of WISPE d a t a (a s i n g l e s t o r m on Dec.
13, 1979) t e n d s t o s u p p o r t t h e e x i s t e n c e of a l o c a l plume washout, a lthough v a r i a b i l i t y i n r a i n f a l l makes i t i m p o s s i b l e t o a s c r i b e a l l d i f f e rences i n s u l f a t e and n i t r a t e d e p o s i t i o n t o plume washout a l o n e . EXPERIMENTAL P l a n t Bowen i s a 3160-MW coal-f i r e d power p l a n t w i t h f o u r 118-m n a t u r a l -d r a f t c o o l i n g t o w e r s and two 300-m smokestacks. Throughout t h e e x p e r i m e n t , P l a n t Rowen g e n e r a t e d -1600 MW u s i n g -1.8% s u l f u r c o a l .
The w e t f a l l c h e m i s t r y network ( F i g . 1) c o n s i s t s of a 3 x 5 matrix of a u t o m a t i c HASL-type c o l l e c t o r s .
The c h e m i s t r y network i s a s u b s e t of t h e METER-ORNL a u t o m a t i c r a i n gage network, which i s a 7 x 7 m a t r i x of r a i n g a g e s measuring 42 km on a s i d e ( P a t r i n o s e t a l . , 1979). The topography of n o r t h w e s t Georgia ( w i t h t h e l o c a t i o n of P l a n t Bowen and s e v e r a l o t h e r major f e a t u r e s ) i s superimposed w i t h t h e v a l u e s of t h e c o n t o u r l i n e s i n d i c a t i n g f e e t above mean sea l e v e l .
reference-pH e l e c t r o d e was used t o measure pH w i t h i n 2 4 h. y s i s was performed w i t h i n 3 d u s i n g a m o d i f i e d methylthymol b l u e c o l o r i -
metric method f o r s u l f a t e , a cadmium r e d u c t i o n method f o r n i t r a t e , and a n indophenol method f o r ammonium. F u r t h e r a n a l -
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A n a l y s i s of wind d a t a and v i s u a l o b s e r v a t i o n s of t h e plume r e v e a l e d t h a t t h e wind d a t a measured a t t h e m e t e o r o l o g i c a l tower was a n a c c e p t a b l e p r e d i c t o r of t h e smokestack plume d i r e c t i o n . High-frequency f l u c t u a t i o n s of t h e wind u n n e c e s s a r i l y c o m p l i c a t e d t h e d e t e r m i n a t i o n of t h e plume d i -
r e c t i o n ; t h e r e f o r e , a low-pass f i l t e r was used t o reduce t h e s e f l u c t u at i o n s .
The low-pass f i l t e r was a seven-point weighting scheme (Panofsky and Brier, 1968 ) performed on windset r e a d i n g s t a k e n a t t h e m e t e o r o l o g i c a l tower a t lO-rnin i n t e r v a l s .
The d e r i v e d plume d i r e c t i o n (plume c e n t e rl i n e ) was assumed t o s p r e a d by 10" on e a c h s i d e of t h e plume c e n t e r l i n e .
Each t i m e i n t e r v a l (10 min) t h a t t h e plume remained over a sampling stat i o n was summed t o o b t a i n a plume r e s i d e n c e time d u r i n g r a i n , a s shown i n
T a b l e 1 . This a n a l y s i s e s t a b l i s h e d t h e t a r g e t area t o be t h e e a s t e r n h a l f of t h e c h e m i s t r y network ( t h e s i t e s l i s t e d i n Table 1 ) and t h e c o n t r o l area t o be i n t h e w e s t e r n h a l f of t h e c h e m i s t r y network. The predominant 
t i o n was i d e n t i f i e d t o be t h e s o u t h e a s t s e c t o r of t h e n e t -
work, which had a plume r e s i d e n c e time of -3 h.
A comparison of r a i n f a l l s t a t i s t i c s (Table 2 ) between t h e f u l l METER r a i n gage network and t h e s u b s e t of t h i s network, which i n c l u d e d t h e r a i n c h e m i s t r y s a m p l e r s , i n d i c a t e d no s i g n i f i c a n t d i f f e r e n c e s i n t h e means o r s t a n d a r d d e v i a t i o n s , s u g g e s t i n g that t h e r a i n f a l l amounts i n t h e c h e m i s t r y network f o r t h e December 13 s t o r m were comparable t o t h o s e of t h e l a r g e r r e g i o n . W i t h i n t h e r a i n c h e m i s t r y network, however, t h e r e were w e l l def i n e d t r e n d s in b o t h i n t e n s i t y ( F i g . 2 ) and r a i n f a l l volume ( n o t shown) of i n c r e a s i n g v a l u e s from n o r t h w e s t t o s o u t h e a s t a c r o s s t h e network. T h i s v a r i a t i o n in r a i n volume c o m p l i c a t e s t h e a n a l y s i s of t h e plume washout e ff e c t b e c a u s e of t h e i n v e r s e r e l a t i o n s h i p between volume and r a i n concent r a t i o n . With t h i s c a v e a t in hand, t h e w e t f a l l c h e m i s t r y i n t h e t a r g e t and c o n t r o l areas and one p o s s i b l e h y p o t h e s i s t o e x p l a i n t h e s i g n i f i c a n t d i f f e r e n c e in s u l f a t e and n i t r a t e d e p o s i t i o n rates are d e s c r i b e d . c o l d f r o n t ; r a i n p e r i o d s t a r t e d a t 0830, ended a t 1800.
The d e p o s i t i o n rates of s u l f a t e ( F i g . 3 ) and n i t r a t e ( F i g . 
) demons t r a t e d well-defined s p a t i a l p a t t e r n s s u g g e s t i n g p o s s i b l e plume washout e f f e c t s , whereas t h e d e p o s i t i o n rates o€ hydrogen and ammonium i o n s occ u r r e d i n random p a t t e r n s ( n o t shown). I n g e n e r a l , d e p o s i t i o n of s u l f a t e produced a p a t t e r n f a n n i n g o u t from t h e bottom row of t h e network w i t h i n c r e a s i n g d e p o s i t i o n rates from wst t o e a s t . The g r a d i e n t was weaker in t h e c o n t r o l (western) area and s t r o n g e r in t h e t a r g e t ( e a s t e r n ) area, w i t h t h e maximum d e p o s i t i o n r a t e o c c u r r i n g a t s i t e 3 3 , l o c a t e d s o u t h e a s t
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R a i n f a l l r a t e c o n t o u r s i n mm/h f o r t h e s t o r m o f Dec
e e e e 13, 1979. of the power p l a n t . These e f f e c t s are f u r t h e r s u p p o r t e d by t-tests, shown i n Table 3 . 
A plume washout model was used t o compare p r e d i c t e d e x c e s s d e p o s i t i o n rates t o observed excess d e p o s i t i o n rates f o r s u l f a t e (-0.55) and n i t r a t e (-0.31 nmol c m~~ h") a t the s i t e 33 a s i n d i c a t e d i n F i g s . 3 and 4 . e x c e s s d e p o s i t i o n rate i s d e f i n e d as t h e d i f f e r e n c e i n t h e d e p o s i t i o n rate between any s i t e s i n t h e t a r g e t area and t h e mean d e p o s i t i o n rate
S t a t i s t i c s of t h e t -t e s t showing s u l f a t e and n i t r a t e d e p o s i t i o n r a t e e f f e c t s a S u l f a t e Nitrate
T a r g e t C o n t r o l T a r g e t C o n t r o l area area area area Sample s i z e 6 10 6
. . SOk2-a e r o s o l In t h e plume with a p a r t i c u l a t e number d e n s i t y of -1 per c u b i c c e n t i m e t e r , a s measured by t h e PSU a i r p l a n e a t P l a n t Bowen ( d e Pena, 1 9 8 0 ) ] , t h e Sob2' a e r o s o l washout was e s t i m a t e d t o be a b o u t 0.4 nmol cm' 2 h'l.
rate.
of -1 p g u -I -~, a s r e p o r t e d r e c e n t l y by Hegg and Hobbs 1979) , N O 3 washout was e s t i m a t e d t o be a b o u t 0.1 nmol cm-' h". c o u n t s f o r a b o u t 36% of t h e observed excess d e p o s i t i o n rate. For t h e s e c a l c u l a t i o n s , it appears t h a t t h e a e r o s o l washout i s a predominant mechanism f o r s u l f a t e b u t n o t f o r t h e n i t r a t e .
These c o n c l u s i o n s must be
This washout a c c o u n t s f o r -70% of t h e observed excess d e p o s i t i o n
For n i t r a t e (assuming a mesn plume c o n c e n t r a t i o n of n i t r a t e a e r o s o l 
o n s i d e r e d t e n t a t i v e , s i n c e t h e d a t a used i n t h e c a l c u l a t i o n s w e r e e i t h e r o b t a i n e d p r i o r t o t h e
December 13 s t o r m o r from o t h e r power p l a n t plumes. a r e two e r r o r bounds (230%) denoted by t h e broken l i n e s . The *30% e r r o r bounds, chosen a r b i t r a r i l y , are t h e maximum and minimum e r r o r s t h a t t h e c a l c u l a t e d [H30+] d e p o s i t i o n rate could have i f t h e t o t a l e r r o r of t h e t h r e e components i s 30% of t h e e r r o r -f r e e case. Only 8 o u t of 15 s i t e s f o r which [H30+] could be c a l c u l a t e d have r e s u l t s w i t h i n t h e s e two e r r o r bounds, s u g g e s t i n g some i n h e r e n t u n c e r t a f n t i e s a s s o c f a t e d with sampling procedures a n d / o r a n a l y s i s t e c h n i q u e s .
The measured and c a l c u l a t e d [H30+]-ion d e p o s i t i o n rates
To see plume washout, t h e e x c e s s d e p o s i t i o n rate i s normalized by the c o n t r o l a r e a ' s mean d e p o s i t i o n rate and p l o t t e d ( F i g . 6 ) a s a f u n c t i o n of t h e plume r e s i d e n c e time d u r i n g r a i n over a sampling l o c a t i o n . Both s u lf a t e and n i t r a t e show a n i n c r e a s e I n plume washout with i n c r e a s i n g plume r e s i d e n c e t i m e ; however, t h e plume reinained over s i t e 18 f o r -10 min, 40 min p r i o r t o t h e o n s e t of r a i n . C h a r a c t e r i s t i c s of plume washout of s u l f a t e and n i t r a t e as a t h i s s i t e u n t i l t h e o u t s e t of r a i n , c a u s i n g a 15% i n c r e a s e i n S o b 2 -and a n 8% i n c r e a s e i n n i t r a t e . Plume washout i s s e e n t o r i s e r a p i d l y a t t h e o n s e t of r a i n and t o r e a c h a n e a r s t e a d y -s t a t e c o n d i t i o n f o r plume residence time of -1 h. The observed n i t r a t e d e p o s i t i o n rate a t s i t e 19 was excluded f o r curve E i t t i n g . The low v a l u e , shown i n Fig. 6 , cannot be res o l v e d a t t h i s time.
CONCLUSION
R e s u l t s of chemical a n a l y s e s of t h e December 1 3 s t o r m r a i n f a l l Samp l e s s u g g e s t t h e p r e s e n c e of a measurable plume washout of s u l f a t e and n i t r a t e i n t h e t a r g e t area. The maximum d e p o s i t i o n rate of s u l f a t e and n i t r a t e was a b o u t 45% above t h e mean d e p o s i t i o n r a t e of t h e c o n t r o l area.
The maximum d e p o s i t i o n rates were reached a f t e r a plume r e s i d e n c e time of -1 h a t a s i t e -12 km from t h e s t a c k . Aerosol washout c a l c u l a t i o n s sug-
g e s t e d t h a t 70% of t h e observed e x c e s s d e p o s i t i o n r a t e of s u l f a t e c o u l d be a t t r i b u t e d t o s u l f a t e a e r o s o l i n t h e plume; however, n i t r a t e a e r o s o l c o u l d
a c c o u n t f o r only 36% of t h e n i t r a t e washout. Although t h e s e f i n d i n g s are e n c o u r a g i n g , t h e v a r i a b i l i t y i n r a i n f a l l i n t e n s i t y makes i t i m p o s s i b l e t o d e t e r m i n e i f a l l d i f f e r e n c e s i n s u l f a t e and n i t r a t e d e p o s i t i o n are due t o plume washout a l o n e . F u t u r e e v e n t samples s 
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